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Abstract 
 
The work presented is focused on the development of polymers and polymer architectures to create redox 
active materials. Here we attempt to produce an all-organic polymer battery in solution state using 
inexpensive Celgard separators to compete with  experiencing large crossover. Our first example of such a 
material utilized viologen pendant groups as the redox mediator and acted as the anode material. This 
approach provided a system with reversible cycling efficiency (94-99%) and selective prevention of 
crossover (97%). In the attempt to form a full cell, a ferrocene-based polymer was synthesized as the 
cathode material. This polymer allowed us to demonstrate our first example of a full polymer battery in 
non-aqueous solvent. In efforts to improve anode performance, a poly-4-nitrostyrene was synthesized and 
achieved an increased voltage of 0.9 V over the previous viologen system. To circumvent the limited size 
of polymers and other macromolecules, we synthesized polymer colloids of polyvinylbenzyl chloride and 
functionalized them to incorporate viologen pendants. The redox active colloids performed at 99% 
coulombic efficiency over 50 cycles.  
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Chapter 1 – Viologen-Based Redox Active Polymers   
1.1 Introduction 
Redox flow batteries (RFBs) are promising for renewable energy storage on the grid scale. RFBs differ 
from traditional batteries based on their use of liquid electrolytes and electrodes, pumped from storage 
containers, rather than solid metals (Figure 1.1). The two half-cells are separated by membrane to prevent 
crossover of active species which leads to shorter battery lifetimes. The ability of these batteries to handle 
large quantities of energy and ease of volume scaling makes them suitable for grid level storage over 
traditional lead acid or lithium ion batteries.1 Interest in these materials has resurfaced for the capture of 
renewable, intermittent energy sources to stabilize the growing energy demand. The National Renewable 
Energy Laboratory (NREL) predicts that renewables will produce 90% of all electrical generation in the 
US by 2050.2 This trend necessitates the development of energy storage devices that capture excess energy 
to circumvent the intermittent nature of renewables and distribution during peak hours. 
 
 
Figure 1.1. Design of a basic redox flow battery. 
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However, the current grid storage systems in the United States lack the capability to store the large 
gigawatt quantities of energy produced by renewables. The Department of Energy (DOE) reported that only 
2.3% of all energy generated in the US was stored in 2013.3 Current storage methods are dominated by 
hydroelectric storage and these systems lack the scalability that RFBs afford through scaling of electrolyte 
tanks.4 In 2003, the DOE reported that the amount of energy stored in Europe (10%) and Japan (15%) 
greatly outweighed the US energy storage capabilities (2.5%).5 These numbers show that energy storage in 
the US has not improved enough in 10 years to compete with the global trends and are still behind in the 
ability to effectively implement large scale renewable energy generation. Improvement of storage 
capabilities is vital for renewable energy to replace nonrenewable energy sources. 
The high efficiency and high cycle lifetimes of all-vanadium RFBs have made them promising 
candidates for grid storage and are a commonly studied RFB design in literature, especially combined with 
systems such as photovoltaics for energy storage.6 However, general drawbacks of RFBs are centered on 
their low energy density and high cost. Aqueous RFBs (the most reported RFBs) are limited in energy 
density due to small potential window of water (-0.5 V to 1.2 V) that limits the overall energy density and 
low solubility of the RFB materials such as vanadium oxide (1.3 V and 1.0 M). 7 These aqueous systems 
do not provide cost-effective power generation with energy costs of >$500/kWh. The aqueous materials 
offer low possibilities to achieve cost-effective storage but are being implemented as adducts wind and 
solar farm systems nonetheless.1 These parameters reveal that current RFB systems require significant 
improvement before implementation in grid storage.  
We propose to improve RFBs by implementing non-aqueous solvents in conjunction with synthesized 
redox-active polymers (RAPs) and relatively inexpensive size exclusion membranes (Figure 1.2). Costly 
ion exchange membranes (widely used for RFBs) are another factor leading to high energy cost of aqueous 
RFBs. These membranes can result in 20% of the overall battery cost and typically experience a large drop 
in ionic conductivity when paired with non-aqueous solvents.8 However, non-aqueous solvents are 
desirable because they offer increased potential windows (e.g. -2.0 V to 2.5 V for propylene carbonate) and 
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grant access to a wider selection of compounds for electrolyte candidates.9,10 Darling et al. reported that 
non-aqueous redox flow batteries (NRFBs) require high voltages, low equivalent weight ( 150 g/mol e-), 
and high solubility ( 5 mol/L) to become cost-effective.11 NRFBs using synthetic RAPs, acting as charge 
carriers, can be coupled with size exclusion membranes to improve conductivity between NRFB 
compartments and reduce membrane costs. Another advantage of RAPs comes from their ability to be 
synthetically tailored for the required solubility, equivalent weight, and large potential windows afforded 
in a NRFB to meet the requirements of the Darling model.   
 
 
1.2 Synthesis of Redox Active Viologen Polymers 
Ethyl bipyridinium hexafluorophosphate: 4,4’-Bipyridine was dissolved in dichloromethane and 
charged with iodoethane. The mixture was left to stir for five days to form ethyl bipyridinium iodide.15 The 
product was then dissolved in water and a concentrated solution of ammonium hexafluorophosphate was 
added. The reaction mixture was then filtered and the resulting solid dried under high vacuum. Both the 
polymer and monomer analog utilized the bipyridinium molecule with their respective polyvinylbenzyl 
chloride (PVBC) and benzyl chloride reactant.  
Figure 1.2. Size-exclusion as a separation strategy with RAPs for battery compartments.  
(Reprinted with permission from ref 17. Copyright © 2014 American Chemical Society.) 
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Viologen RAP: Dry DMF (15 mL) was added to a flask containing PVBC (500 mg, 3.27 mmol) and ethyl 
bipyridium hexafluorophosphate (5.4 g, 16.38 mmol) under nitrogen. Reaction mixture was stirred at 90 oC 
for 6 days.2 Concentrated solution of ammonium hexafluorophosphate (5 g) solution was prepared in water 
and added to the above reaction mixture. The resultant solution was stirred at room temperature for 12 h 
and precipitated in methanol. Collected polymer was redissolved in ACN and reprecipitated in diethyl ether. 
Polymers were dried under high vacuum for 24 h. All spectra display near quantitative conversion to the 
desired product. Starting material was not observed after purification (Appendix A Section A.3). 
Benzyl-ethyl viologen dihexafluorophosphate: (2): Dry N,N-dimethylformamide (DMF) (8 mL) was 
added to a flask containing benzyl chloride (1.10 g, 8.76 mmol) and ethyl bipyridium hexafluorophosphate 
(2.0 g, 6.06 mmol) under nitrogen. The reaction mixture was stirred at room temperature for 12 h. The 
solution changed from transparent red to cloudy red. Concentrated solution of ammonium 
hexafluorophosphate (1.98 g) was prepared in water and added to the above reaction mixture. The resultant 
solution was stirred at room temperature for 4 h. The precipitated product was filtered and dried under high 
vacuum for 24 h to yield the product as a pale yellow powder. 
 
Figure 1.3. Synthesis of viologen RAP and monomer analog. 
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1.3 Characterization 
Elemental analysis of these materials showed near quantitative conversion of the PVBC to the desired 
viologen RAP. The experimentally determined values of the C, H, and N mass percentage deviated from 
theoretically predicted values in a range of 0.1% to 1.8%, indicating near quantitative conversion for the 
isolated product (Appendix A Table A.1). These results are consistent with the data obtained from UV-Vis 
spectrometry, where the molar extinction coefficient was derived from the Beer’s Law plots for each 
polymer and monomer product. UV-Vis spectra were collected of RAP solutions from 100 µM to 800 µM. 
For a concentration of 160 µM, the near-perfect overlap of the RAP and monomer analog spectra are strong 
evidence of near quantiative conversion (Figure 1.4). Fourier-Transform Infrared (FTIR) and 1HNMR 
spectroscopy were performed to corroborate the data (Appendix A Section A.3). 
 
 
1.4 Crossover Measurements 
To test our size-exclusion hypothesis, we studied the crossover of the various RAPs. Crossover depicts 
the situation in which redox species cross the separator between the anode and cathode compartments of a 
battery, causing capacity to fade over time. The crossover values of five different molecular weight viologen 
RAPs (from 21 kDa to 318 kDa) through Celgard 2325 and 2400 separator (pore radii of 14 nm and 21.5 
nm respectively) were determined utilizing the side-bi-side diffusion apparatus. One cell compartment held 
a 10.0 mM solution of viologen RAP in ACN, while the other held pure ACN. Both cell compartments 
Figure 1.4. Overlay of UV-Vis absorption spectra of all viologen RAPs and monomer at 160 mM. 
 (Reprinted with permission from ref 17. Copyright © 2014 American Chemical Society.) 
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were analyzed after 24 h of constant stirring (2400 rpm) with a UV-Vis spectrometer for the max at 260 
nm. UV-Vis measurements were performed to detect the concentrations of viologen repeat units based on 
the molar extinction coefficients derived in the characterization study. The RAP system displayed a 
dramatic decrease in the amount of active RAP crossover at concentration of 10.0 mM, capable of rejecting 
RAP crossover to 93% when the largest polymer is paired with the smallest pore size. (Figure 1.5) We can 
contrast this to the unimpeded crossover of the supporting electrolyte lithium tetrafluoroborate, which 
experienced no rejection by the porous separator during   
 
Figure 1.5. Crossover characterization of Viologen RAP varying chain lengths with  
        different pore sizes, measured at 10 mM in acetonitrile.  
(Reprinted with permission from ref 17. Copyright © 2014 American Chemical Society.) 
1.5 Electrochemical Characterization 
Electrochemical analysis of the viologen-based RAPs by the group of Prof. Joaquin Rodriguez-Lopez 
showed a stable, reversible first reduction. This first reduction appears at a potential of -0.6 V vs Ag/Ag+ 
(0.1 M in ACN) and has displayed a highly efficient, reversible charging for up to 11 cycles in bulk 
electrolysis (Appendix A Figure A.7). However, the data also reveals that the second electron reduction is 
not a fully reversible process. Controlled potential bulk electrolysis indicates that 94–99% of charge on 
different RAPs is accessible, and the electrolysis products are stable upon cycling. 
1.6 Viscosity Measurements 
The viscosity values of RAP solutions ranging from 10 mM to 1.0 M (in ACN) were determined 
through rheology. These values revealed a strong trend towards the high viscosity of the RAP samples due 
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to their polyelectrolyte nature. The largest polymer of 318 kDa displayed a viscosity of 220 mPa*s against 
the 12 mPa*s of the monomer analog (Figure 1.7). Efficient and quick flow is necessary for optimal 
performance in RFBs, the high viscosity coupled with low solubility (< 3.0 M) and low energy capacity (45 
mA h/g) limits the viologen RAPs as a candidate for desired RFBs.11 These results were published in 2014 
in the Journal of the American Chemical Society.17 To enhance the electrochemical properties and 
solubility, other redox-active moieties were studied to develop RAPs with lower viscosity and reduction 
potential for a more efficient RFB design.  
 
1.7 Conclusions 
We have shown that size-based selective transport of supporting electrolyte (LiBF4) across Celgard 
porous separators is attainable by controlling the size of the charge storage material. Viologen-based RAPs 
of molecular weight between 21 and 318 kDa were synthesized to vary the size of the charge storage 
material. The molecular weight dependent RAPs electrochemical properties and transport across porous 
separators were studied. Viologen-based RAPs preserve most of the desirable electrochemical properties 
of the originating viologen-based monomer such as high solubility, similar redox potential, and 
electrochemical reversibility. These results makes them suitable candidates as anode species in NRFBs. 
Figure 1.6. Viscosity plots of the viologen RAPs. 
(Reprinted with permission from ref 17. Copyright © 2014 American Chemical Society.) 
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The percent polymer rejection across the separator increased with RAP molecular weight as well as 
reduction in pore size. Polymer crossover of as low as 7% (93% rejection) was achieved. These results 
display the feasibility of the size-selective separator approach aided by redox-active polymers to explore 
new prospects in NRFBs. Crossover studies displayed a positive correlation between polymer chain length 
and increased rejection with the selected Celgard separators. This result was coupled with the 
electrochemical studies of viologen RAP as an encouraging proof-of-concept for an all-RAP NRFB design. 
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Chapter 2 – Alternate Redox Moieties  
2.1 Introduction 
As the implementation of renewable energy production schemas such as wind and solar technologies 
become more prevalent, low cost and effective means for grid level energy storage are required to 
complement these intermittent sources to provide power in times of low wind or limited sunshine. Our 
studies of RAPs for use in size selective non-aqueous redox flow batteries encourage the development of a 
full battery cell of RAP components (or all-RAP battery).1-3 With viologen-based RAPs as our anode 
species, a cathode RAP is necessary. Ferrocene was selected as the cathode moiety because of its rich 
history as a redox standard in organic solvents.4 Many ferrocene-based polymer syntheses are costly and 
typically display low solubility in organic solvents. However, we discovered one molecular derivative of 
ferrocene that displayed high solubility and could be commercially purchased from relatively inexpensive 
starting materials.5-7  
In this work, we also explore the reactivity of a nitrostyrene RAP envisioned as an anolyte. We look 
towards poly-p-nitrostyrene (PNS) as an enhanced anolyte RAP over the previous viologen-based system. 
Nitrobenzene was selected as a redox active moiety because of the reported low redox potential (-1.6 V vs 
Ag/Ag+ in ACN) and electrochemical performance in high concentration (8.0 M).8 Since PNS has been 
studied electrochemically since the 1970s,9,10 precedence exists to adapt this material as a RAP. These 
properties make PNS an attractive material to outperform our viologen-based RAP (-0.7 V) and attain the 
standards set by Darling et al. 11                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
2.2 Nitrobenzene-Based Polymers 
The synthetic route for the PNS utilizes commercially available polystyrene with nitric acid and sulfuric 
acid.12 A flask was charged with 4-nitrotoluene (100 mL) and polystyrene (5.0 g). Then nitric acid (80 mL) 
was added to the flask and stirred vigorously while cooled to 0 °C in an ice bath. Sulfuric acid (20 mL) was 
added slowly to the flask under vigorous stirring. The mixture returned to room temperature and was stirred 
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for 16 hours. The resultant product was precipitated into isopropanol and then re-dissolved into DMF. The 
precipitation was repeated three times, and the collected solid (pale yellow) was placed under high vacuum 
for 24 h. The extent of nitro-functionalization of the polystyrene to PNS was found to be 78% by UV-Vis 
spectroscopy.  
 
 
Resultant RAPs displayed high solubility (>3.0 M) in DMF and the appropriate electrochemical 
potential (1.6 V vs. Ag/Ag+ in DMF). Measured viscosity of PNS displayed lowered values at significantly 
higher concentrations (Table 2.1). These values convey that PNS is a promising candidate for NRFBs. 
Sample (Concentration) 
Viscosity  
(mPa*s) 
Viologen Monomer Analog (1.0 M)*  12 
Polyviologen 21 kDa (1.0 M)* 130 
Polyviologen 318 kDa (1.0 M)* 220 
PNS (2.0M)** 4.3 
PNS (3.0 M)** 18 
 
The lowered reduction potential and viscosity of PNS over viologen RAP gives evidence toward the 
development of NRFB because of the greater cell potentials achievable with PNS. However, synthetic 
modifications are required to produce nitrobenzene-based systems for a cost-competitive cell. A screening 
of various nitrobenzene-based molecules allowed us to find suitable candidates for a competitive NRFB 
system. An initial analysis of 25 nitrobenzene-based molecules (Appendix A Figure A.17) was 
Figure 2.1. Synthesis of PNS RAP. 
Table 2.1. Summary of PNS viscosities compared to viologen RAP of the largest and smallest molecular weight.  
  * performed in ACN **performed in DMF 
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electrochemically performed for each molecule to determine position of redox potential, capability of 
multiple redox events, stability, and required solubility for a cost competitive NRFB. The effect of electron 
donating groups should lead to lowered reduction potential compared to nitrobenzene as the base system. 
In a similar vein, electron withdrawing groups should raise the reduction potential but groups that extend 
the π-system can stabilize a second reduction because they are capable of delocalizing excess negative 
charge. 
The screening process through cyclic voltammetry in DMF revealed that many of the molecules had a 
reversible first reduction. These results are summarized within Figure 2.2 as a Hammett plot. The potential 
of each functional group para to the nitro-group is compared to their σ values (denoting functional group 
electron donating or withdrawing nature).13 Electron donating groups displayed lowered reduction 
potentials down to ~200 mV (vs. Ag/Ag+) while electron withdrawing groups raised the potential up to 
~400 mV (vs. Ag/Ag+).  
 
 
The polymers based on this study will utilize groups that improve the electrochemistry and offer insight 
into solubility effects of polymer backbones. PNS has poor solubility in ACN, while molecular analogs 
such as nitroanisole and nitrotoluene exhibit high solubility and stable electrochemistry in ACN. Via 
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Figure 2.2. Hammett plot of para-substituted nitrobenzene molecules. 
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synthesis of nitrobenzene-based polymers with various backbone chemistries, one can derive an 
understanding of the vast property difference in translation from a monomer analog to a polymer. 
2.3 Polydimethylbenzyl Ammonium Methylferrocene (PAF) 
To synthesize PAF, the route was developed from the synthetic route of the viologen RAP (Figure 2.3) 
and the product was isolated for characterization. Dry DMF (15 mL) was added to a flask containing PVBC 
(1.00 g, 6.55 mmol) and (dimethylaminomethyl)ferrocene (7.5 g, 32.8 mmol) under nitrogen. The reaction 
mixture was stirred at RT for 1 day. Concentrated solution of ammonium hexafluorophosphate (4 g) 
solution was prepared in water and added to the above reaction mixture. The resultant solution was stirred 
at room temperature for 1 day. The collected polymer was precipitated from acetone into H2O twice. Then 
the polymer is reprecipitated once into methanol and finally into diethyl ether twice. Polymers were dried 
under high vacuum for 24 h.  Elemental analysis, UV-Vis spectroscopy, IR spectroscopy, and NMR indicate 
near quantitative conversion (Appendix A Table A.2). 
 
 
PAF was utilized in a full flow cell experiment, paired with our viologen-based polymer. Attempts to 
pair PAF with PNS were unsuccessful as PAF cannot perform reversible electrochemistry in DMF. Students 
of Prof. Joaquin Rodriguez-Lopez performed the cycling studies and found that the cell was operational but 
the materials quickly degraded over the course of one charge cycle and experienced crossover. Inability to 
repeatedly cycle the cell or obtain high columbic efficiency restrict PAF as a viable material for NRFB use.  
 
Figure 2.3. Synthesis of PAF RAP. 
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2.4 Conclusions 
New redox moieties such as nitrobenzene were explored as a synthetic handle to improve the desired 
properties for an NRFB design. The nitrobenzene-derived, PNS RAPs exhibited low reduction potentials 
with low viscosity and high solubility, showing a strong pathway forward to achieving an all-RAP NRFB. 
Synthesis of PAF produced a candidate for the cathode compartment to pair with the viologen RAP or PNS 
anode compartment. Although PNS was not soluble in acetontrile to pair with PAF as a full battery cell, 
PAF was sucessfully paired with the viologen-based RAP. A viologen-PAF system (0.9 V) does not hit the 
cost targets described by Darling et al. However, it is a promising starting point for further research with 
PNS derivatives and new cathode chemistries.  
The incomplete conversion of the polystyrene to PNS and its predominant solubility in DMF limits 
incorporation of the system in NRFBs. Using DMF as our battery solvent led several catholyte materials 
(such as PAF) to exhibit irreversible electrochemistry, preventing access to a 1.9 V test cell coupling PAF 
and PNS. While the results show the difficult journey for a successful all-RAP flow NRFB, they provide a 
pathway forward to obtaining a NRFB with low crossover and high voltage. Nitrobenzene-based polymers 
can undergo synthetic modification to improve solubility in desired solvents and improve redox potential. 
Greater synthetic exploration of both anode and cathode chemistries will be necessary to advance the field 
of RAPs as NRFB materials.  
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Chapter 3 – Redox Active Colloids (RACs) 
3.1 Introduction 
Combining efficient energy storage with a high degree of morphological control makes RACs a 
conceptually promising building block deployable in various modalities, including individual particles, 
well-defined particle films, and redox active dispersions. This versatility addresses several challenges faced 
by stationary and flow battery materials. Their microscale dimensions dramatically decrease the pervasive 
and detrimental material crossover observed across separating membranes when small-molecules are used 
as redox materials.1,2 Unlike organic nanocrystals which disintegrate during charge/discharge cycling3,4, 
RACs retain shape integrity due to internal crosslinking of polymer chains. In contrast to other 
macromolecules such as dendrimers,5,6 micelles,7 and polymers,8-12 RACs range from tens to thousands of 
nanometers.  
Colloidal dispersions, with tunable inter-particle interactions and rheological properties are attractive 
as an emerging non-aqueous flow battery technologies13-15, utilizing size exclusion rather than ion exchange 
for separation.16,17 Crossover remains a major challenge in redox flow batteries, requiring a wider scope of 
techniques and strategies to overcome. By taking advantage of RAC size regimes and their shape retention, 
we can eliminate crossover while ensuring active transport of supporting electrolyte (Figure 3.1). 
 
 
Figure 3.1. Enhanced size-exclusion with large colloid size relative to pore size. 
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We recently demonstrated that RACs (60 nm – 1000 nm) were successfully obstructed (>99% rejection) 
by inexpensive, commercially available Celgard separators whilst the supporting electrolyte experienced 
unhindered transport.20 Our previous work on RAPs, utilizing the same size-selection strategy, only 
achieved a maximum rejection of 93%.10 Furthermore, RACs displayed high columbic efficiency (~99%) 
on par with RAP samples and were successfully utilized with PAF-based RACs (Figure 3.2) to operate as 
a full cell. Herein, we discuss the exploration of RAC crosslink density to examine the potential relationship 
between swelling and performance of RACs as a battery material. 
 
 
3.2 RAC Synthesis 
PBVC colloids: The redox-initiated emulsion polymerization of 4-vinylbenzyl chloride reported by 
Chonde and coworkers was modified to synthesize poly(4-vinylbenzyl chloride) (PVBC) particles 60 ± 10 
and 90 ± 10 nm in diameter.21 Reagent quantities are listed in Appendix A Table S6. A 200-mL Morton 
flask fitted to a mechanical stirrer was charged with water, Triton X-100 solution, sodium dodecyl 
sulfate (SDS) solution, and potassium hydroxide solution. Nitrogen was bubbled through the mixture for 
15 min, and the mixture was heated to 30 ºC. After addition of 4-vinylbenzyl chloride and divinylbenzene, 
the mixture was stirred at ~330 rpm for 1 h. The initiator solutions and nitromethane were then added, and 
the stir rate was reduced to ~150 rpm. Turbidity was observed within 15 min. After 12 h, the reaction 
mixture was dialyzed against a 2.0% (w/v) solution of Triton X-100 in tetrahydrofuran (THF). The 
Figure 3.2. Imaging of PAF RACs with SEM to observe characteristic size and dispersity of the particles. 
(Reprinted with permission from ref 20. Copyright © 2016 American Chemical Society.) 
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dialyzing solution was replaced four times in 24 h. Particle diameters and standard deviations were obtained 
from scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images using 
ImageJ software and averaging 50 particles. 
 
 
Viologen redox active colloidal particle: Dry DMF (45 mL) and dry THF (45 mL) were added to a 
flask containing crosslinked polyvinylbenzyl chloride colloidal particles (1.5 g) and the resultant mixture 
was sonicated in bath sonicator till homogeneous dispersion is obtained (~ 1-2 h). To the above dispersion 
ethyl viologen (15 g) was added and reflux condenser was attached. Reflux condenser was sealed with 
rubber septa at the top. Dispersion was subjected to three vacuum/nitrogen cycles followed by purging with 
nitrogen for about 15 min. The roundbottom flask was immersed in oil bath preheated to 90 °C for seven 
days. Concentrated solution of ammonium hexafluorophosphate (15 g in 30 mL water) solution was 
prepared in water and added to the above reaction mixture. To the resultant solution, a mixture of DMF (20 
mL) and acetonitrile (20 mL) was added and stirred at room temperature for two days.  Water was added 
to the above solution till the precipitate was observed. Product was separated by centrifuging the mixture. 
To the obtained product methanol was added, centrifuged (50 mL centrifuge tubes) and supernatant 
decanted. This was repeated three times with methanol and two times with ether and the resultant product 
was dried under high vacuum for two days.  
 
Figure 3.3. General reaction scheme for the synthesis of RACs. 
(Reprinted with permission from ref 20. Copyright © 2016 American Chemical Society.) 
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3.3 Crosslink Density Experiments 
To probe the effect of crosslink density, RACs of 135 nm were synthesized with varied v/v% of 
crosslinking monomer to 4-vinylbenzyl chloride. Henceforth, each RAC sample will be represented by their 
v/v% of crosslinker (e.g. 1% CL, 2% CL, 3%, CL and 4% CL). The four PVBC particle samples were 
functionalized to form the viologen-based RAC material. These materials were then subjected to FTIR 
spectroscopy and elemental analysis. Disappearance of the benzyl chloride peak in the FTIR spectra suggest 
that all four samples underwent conversion to the desired viologen functional group (Figure 3.4).  
 
 
To test the swelling of the particles, a combination of TEM and dynamic light scattering (DLS) were 
utilized. By comparing the difference in the dry state and swelled state, we can analyze the magnitude of 
crosslink density effects on RAC swelling. TEM was used to obtain the size of RACs in their dry state due 
to the absence of solvent in the experiment. These particles were imaged through the TEM (Figure 3.5) and 
analyzed in batches of 50 particles through the software ImageJ. The results reveal that many of the particles 
Figure 3.4. Overlaid FTIR spectra of each viologen-based RAC (denoted by v/v% crosslinker). Line a represents the stretch of 
the aromatic carbon-nitrogen group in viologens at 1640 cm-1. Line b represents the benzyl chloride carbon-chloride stretch of 
the PVBC starting material at 1260 cm-1.  
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remain in the original size regime despite alteration of crosslink density and that the dray state sizes are 
within error of each other.  
 
 
Solutions of the crosslinked RACs were examined using DLS to obtain their swelled state size. 
Solutions were prepared in ACN at a concentration of 1 mg/mL. Unfortunately, only samples with 2% CL 
and 4% CL RACs showed monodispersity. RACs with 1% and 3% crosslinker displayed high error in their 
readings by the DLS instrument due to the large dispersity in size. This result suggests that the 1% and 3% 
crosslinked samples are aggregating. These findings correlate with TEM images (Appendix A Figure S18), 
where clusters of colloids are readily observable. TEM and DLS data are summarized in Table 3.1, where 
we observe a swelling factor of 2.6 for 2% CL and 2.2 for 4% CL. The small difference in magnitude of 
the swelling factors indicates that the scope of the study must be broadened to find the critical points at 
which particles display wide changes in swelling. 
 
 
 
 
Figure 3.5. TEM images of RAC samples. (a) 1% CL, (b) 2% CL, (c) 3% CL, and (d) 4% CL.  
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Table 3.1. Summary of swelling experiments and the swelling factor.   
Crosslink 
Density 
1% CL 2% CL 3% CL 4% CL 
TEM Dry Size 
(nm) 
140  20 140  10 120  10 100  10 
Z-Average (nm) TBD 360 TBD 220 
Swelling Factor TBD 2.6 TBD 2.2 
 
3.4 Conclusions 
RACs of various v/v% crosslinker were synthesized and analyzed for their ability to swell in 
acetonitrile. Dry, non-swelled colloids revealed that modifying crosslink density by 1% at a time does not 
affect large changes in the colloid size. Increasing the size of the v/v% increment should provide a better 
understanding of RAC dependence on swelling. The 1% CL and 3% CL samples were not capable of being 
fully analyzed and will require further investigation into the nature of aggregation. Avoiding this error will 
be necessary to ensure that RAC samples can be utilized as a battery material. 
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Appendix A – Supporting Information 
A.1 General Information 
All air or moisture-sensitive manipulations were performed under nitrogen atmosphere using standard 
schlenk techniques. All glassware was oven-dried prior to use. Unless otherwise stated, all starting materials 
and reagents were purchased from Sigma-Aldrich or Matrix Scientific and used without further purification. 
Poly(vinylbenzyl chloride) (over 90% are 4 substituted) of different molecular weights (5.3, 60, and 82 
kDa) were purchased from Polymer Source. Poly(vinylbenzyl chloride)  of molecular weights 27 and 41 
kDa were synthesized using Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerization. 
Dimethyl formamide (DMF) was obtained from a Solvent Delivery System (SDS) equipped with activated 
neutral alumina columns under argon. 1H and 13C NMR spectra were recorded on Varian Unity 500, and 
VXR 500 spectrometers. Chemical shifts are reported in δ (ppm) relative to the residual solvent peak 
((CD3)2SO: 2.50, (CD3)2CO: 2.05 for 1H; (CD3)2CO: 29.84 for 13C). Coupling constants (J) are expressed 
in hertz (Hz). Splitting patterns are designated as s(singlet), d(doublet), t(triplet), dd(doublet of doublets), 
m(multiplet), and q(quartet). Low and high resolution EI mass spectra were recorded on a Micromass 70-
VSE spectrometer. Infrared spectra (percent transmittance) were acquired on a Nicolet Nexus 670 FT-IR 
spectrometer with an ATR-IR attachment. UV-Vis absorption spectra were recorded on Perkin Elmer and 
Shimadzu instruments. Dynamic light scattering was recorded on NICOMP zetasizer. Elemental analyses 
were performed on the following instruments: CHN analysis - Exeter Analytical CE 440 and Perkin Elmer 
2440, Series II; ICP analysis - ICP-MS and ICP-OES; Halide analysis - Titration & ISE. Analytical gel 
permeation chromatography (GPC) analyses were performed on a system composed of a Waters 515 HPLC 
pump, a Thermoseparations Trace series AS100 autosampler, a series of three Waters HR Styragel columns 
(7.8’ 300 mm, HR3, HR4, and HR5), and a Viscotek TDA Model 300 triple detector array, in HPLC grade 
THF (flow rate = 1.0 mL/min) at 30°C. The GPC was calibrated using a series of monodisperse polystyrene 
standards. Viscosity was measured on a TA Instrument AR-G2 rheometer. Flow cell UV-Vis experiments 
were performed using Masterflex L/S Digital Economy Drive Model 7524-40 pump and a Masterflex EW-
77390-0 PTFE-Tubing Pump Head with spectroscopy grade acetonitrile (flow rate = 1.0 
mL/min)Conductance of LiBF4 was measured on YSI Model 35 Conductance Meter with BASi MW-4130 
platinum wire auxiliary electrodes.  
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A2. Elemental Analyses 
 
 Element C H N F P Cl 
21 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 44.34 3.62 4.58 43.19 9.94 0.15 
Difference 1.76 -0.12 -0.15 4.70 -0.52 0.15 
104 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 42.23 3.37 4.61 32.09 10.77 0.26 
Difference -0.35 -0.37 -0.12 -6.40 0.31 0.26 
158 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 42.50 3.57 4.68 29.49 10.49 0.30 
Difference -0.08 -0.17 -0.05 -9.00 0.03 0.30 
233 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 43.00 3.60 4.59 29.26 10.50 0.27 
Difference 0.42 -0.14 -0.14 -9.23 0.04 0.27 
318 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental (%) 42.45 3.52 4.56 28.21 10.50 0.31 
Difference -0.13 -0.22 -0.17 -10.28 0.04 0.31 
Table A.1. Elemental (C, H, N, P, F, Cl) analysis of Viologen RAPs. 
 
 
  Element C H N 
271 kDa Ferrocene 
RAP 
Theoretical (%) 52.3 5.19 2.77 
Experimental (%) 51.57 5.32 3.79 
Difference 0.73 -0.13 -1.02 
Table A.2. Elemental (C, H, N) analysis of 271 kDa PAF. 
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A.3. 1H and 13C-NMR of RAPs 
 
 
                  
 
  Figure A.1. 1H NMR of Viologen RAP. 
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Figure A.2. 1H NMR of ethyl bipyridinium hexafluorophosphate. 
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Figure A.3. 1H NMR of benzylethyl bipyridinium hexafluorophosphate. 
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Figure A.4. 13C NMR of benzylethyl bipyridinium hexafluorophosphate.  
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Figure A.5. 1H NMR spectrum of 271 kDa ferrocene RAP in CD3CN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
30 
 
A.4 Redox Active Polymer Physical Properties 
 
Polymer     
Viscosity 
(mPa*s)     
(kDa) 
0.01 M  0.1 M 0.25 M 0.75 M 1.0 M 
0.56 
(Monomer)  9.31 ± 0.05 9.3 ± 0.1 9.12 ± 0.03 11 ± 2 11.8 ± 0.1 
21 8.9 ± 0.1 9.25 ± 0.08 10.2 ± 0.1 55 ± 8 128 ± 9 
104 9.55 ± 0.04 10.10 ± 0.02 12.26 ± 0.03 50 ± 5 120 ± 20 
158 9.18 ± 0.04 10.3 ± 0.3 12.39 ± 0.04 50 ± 4 103 ± 8 
233 11 ± 1 11 ± 2 16.3 ± 0.1 100 ± 5 290 ± 20 
318 9.1 ± 0.1 10.35 ± 0.02 13.7 ± 0.4 75 ± 4 220 ± 30 
 
Table A.3. Viscosity of polymers at different concentrations. 
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Figure A.6. Absorbance vs. concentration plots to determine molar extinction coefficient of monomer 
and RAPs 1-5. 
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Table A.4. Molar extinction coefficients of monomer and RAPs in acetonitrile.  
 
 
Figure A.7. Absorbance (at 434 nm) vs. concentration plots to determine molar extinction coefficient of 
271 kDa PAF. 
 
 
 
 
 
Molecular 
weight 
(kDa) 
Molar 
extinction 
coefficient 
(ε M-1 cm-1) 
0.56 23730 
21 23918 
104 22646 
158 23983 
233 23425 
318 24360 
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Table A.5. Molar extinction coefficients of 271 kDa ferrocene RAP in acetonitrile derived from a 0.2 cm 
pathlength. 
 
 
Figure A.8. Absorbance spectra of monomer and RAPs 1-5 at 1.63×10-4 M in acetonitrile. 
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Figure A.9. Absorbance spectra of 5 mM 271 kDa ferrocene RAP in acetonitrile. 
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A.5 Electrochemical Characterization of Viologen RAPs 
 
 
Figure A.10. Electrochemical properties of viologen monomer. Solution: 6 mL 10 mM monomer in 
0.1 M LiBF4 acetonitrile supporting electrolyte. (a) Complete cyclic voltammograms at 0.04 cm2 Pt 
disk electrode (ν= 100 mV/s). (b) Diffusion limited steady-state current change of monomer at high 
concentration regime. (c) Steady state voltammograms of monomer at 12.5 µm Pt tip (ν= 10 mV/s). 
Upper part 2+/+ and lower part +/2+. (d) Four cycles potential controlled bulk electrolysis of first 
reduction state. (e) Steady state voltammograms of monomer at 12.5 µm Pt tip (ν= 10 mV/s). Upper 
part: 2+/0 and lower part 0/2+. (f) Five bulk electrolysis cycle of second reduction state.  
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Figure A.11. Bulk electrolysis of viologen monomer. Solution: 6 mL 10 mM monomer in 0.1 M LiBF4 
acetonitrile supporting electrolyte. High efficiency observed for 11 cycles. 
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Figure A.12. Adsorption Properties of RAPs 1-5. (a) Peak current – scan rate relationship of 21 kDa RAP. 
Second reduction peak current of 21 kDa (Figure 1b) were extracted, plotted with scan rate, and fitted with 
linear relationship. Black: anodic peak current, red: cathodic peak current. (b-e) Cyclic voltammograms of 
adsorbed RAPs on 0.04 cm2 Pt disk electrode at different scan rate. (b) 104 kDa, (c)158 kDa, (d) 233 kDa, 
(e) 318 kDa. 
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Figure A.13. Original viologen polymer diffusion coefficient vs. molecular weight relationship. This figure 
show a good linear relationship between ratio of the diffusion coefficient of polymer to monomer: (Dp/Dm) 
to 0.55 power of the ratio of molecular weight of monomer and polymer (Mm/Mp)0.55. Fitting result is 
shown in above equation. Polymer region is shown in the inset figure. 
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Figure A.14. Time dependent change of viologen monomer/polymer radicals. Steady state voltammograms 
were obtained approximately every 10 min after the first reduced state BE until it is stabilized and saturated. 
Several curves are selected to show as examples. (a) monomer, (b) 21kDa, (c) 104 kDa, (d) 158 kDa, (e) 
233 kDa, (f) 318 kDa. 
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Figure A.15. Expected limiting current for RAPs 3 (left) and 5 (right) if data in Figure 3 in the main text 
were corrected for solution viscosity.   
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Figure A.16. Bulk electrolysis result of RAP 1 (21 kDa). (a) Charge – time relationship of BE first reduction 
state, which obtained 96% of nominal charge. (b) Log(current) – time relationship of BE first reduction 
state. (c) Charge – time relationship of BE directly to second reduction state. (b) Log(current) – time 
relationship of BE directly to second reduction state, which obtained 61% of nominal charge. a&b: 6 mL 
10 mM RAP 1 in 0.1 M LiBF4 acetonitrile supporting electrolyte. c&d: 15.51 mg RAP 1 in 3 mL 0.1 M 
LiBF4 acetonitrile supporting electrolyte.  
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A.6 Nitrobenzene Derivatives 
 
 
Figure A.17. List of 25 nitrobenzene derivatives studied for functional group effects. 
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A.7 RAC Information 
 
Recipes for 60-nm and 90-nm PVBC particles 
Reagent 60-nm Recipe 90-nm Recipe 
Water (mL) 21.0 14.0 
10% (w/w) Triton X-100 (mL) 16.0 16.0 
1.0% (w/w) Sodium dodecyl sulfate (mL) 16.0 16.0 
0.1 N KOH (mL) 12.0 12.0 
0.01% (w/w) FeSO4·7H2O (mL) 1.0 2.0 
4-Vinylbenzyl chloride, 90% (mL) 15.0 30.0 
Divinylbenzene, 80% (mL) 0.30 0.60 
1.0% (w/w) NaHSO3 (mL) 4.0 8.0 
3.0% (w/w) K2S2O8 (mL) 2.0 4.0 
Nitromethane (mL) 0.02 0.02 
Table A.6. Quantities of reagents for emulsion polymerization of PVBC. 
 
Figure A.18. TEM images of 1% CL, 2% CL, 3% CL, and 4% CL aggregates respectively.  
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